Although the literature is replete with biomarker studies that show promise for predicting risk for cancer, response to treatment, or prognosis after diagnosis, the number of biomarker-based tests or assays that are useful in the practice of oncology remains distressingly small. The inheritance of a BRCA 1 or 2 mutation conveys a risk for 18-57 % for the development of breast or ovarian cancers. 4 For better preventive planning, biomarkers that could define the risk for cancer more accurately for the individual patient (not just the population of patients with a particular mutation) would also be very useful. Most cancers are not heritable, and for these, it would be desirable to have biomarkers to inform if that cancer in a particular patient will be aggressive, or indolent (prognostic biomarker).
The association of a molecular abnormality or feature with a particular clinical outcome is the beginning of the process for many predictive and prognostic tests. However, further development of that insight to a reliable and accurate clinical assay is complex. Most tests or assays do not survive the process for various reasons. Significant technical knowledge and resources are required for success-such knowledge and resources must be specifically sought, and are not always present in the team that initially proposes the promising association. Effective planning must occur to develop an assay properly for use in a clinical test; and missteps can cause significant confusion that persists for years. Worst of all, if a test that is not properly developed is used in clinical care, inaccurate treatment and potential harm to patients could result. If diagnostics are essential to choosing the appropriate treatment (sometimes termed companion diagnostics), a similar degree of attention should be given to their development as is given to the development of cancer drugs. Definitions of terms used in this review are given in the Text Box at the end of this article.
Assay Development
When developing an assay, it is essential to identify a specific intended use. An assay will likely not be equally useful for discerning cancer aggressiveness and choosing the best treatment, nor are assays that measure a particular biomarker equally useful across different cancers (e.g. breast cancer and colon cancer), since the amount of biomarker present, as well as the cutpoint for positivity may vary across tumors. The development of an assay and its intended use should address a clinical need, and a particular clinical decision. At the beginning of development, once a correlation of the assay result with a clinical outcome has been discerned, the developer must consider whether more information about the association is actually needed before committing considerable resources to continue assay development and validation. How will the assay help a clinical decision? What decision will the assay guide? Is this an important decision, not addressed by current tests or clinical judgment?
The answers to these questions will help guide the clinical development of the assay, including the design of clinical trials, the patient populations, the type of specimen that will be used, the assay platform, etc.
Additional practical factors will need to be considered. Does the assay measure a prognostic or a predictive marker, or both? How large is the population of patients for which that assay will be used, and what is the prevalence of the analyte(s) that the assay detects? If the assay is for a predictive marker or a companion diagnostic, what would the effect of the targeted treatment be on patients who are "negative" for the marker? What If there is already a "research assay," will the research assay and platform be suitable for use in the clinical situation? For example, an immunohistochemistry test that detected a relationship between an analyte and survival when it was performed on a tissue microarray will not be suitable for the clinic if results were normalized using the median value obtained on that array. If the analysis was carried out on many samples at once, will the assay perform on samples that arrive one at a time from the clinic? If the assay requires a tissue sample that must be frozen or fresh, or obtained and placed in preservative within a short time of obtaining the sample, is this feasible for use in the clinic? Will the sample degrade over time? If so, specific pre-analytic techniques must be developed and validated. 7 If an antibody is used to detect the analyte, does that antibody perform as well if a different batch of the antibody is used? If the current research assay will not translate to clinical workflow easily, it is reasonable to assess other platforms and conditions for better suitability.
Analytical Validation
Analytical validity is the assessment of how well the assay detects the desired analyte in the population in which it is intended to be used. Prior to use in the clinic or to use in a clinical validation study (see below) an assay must be analytically validated. Analytical validation involves assessment of accuracy, precision, lower limit of detection, linearity, robustness (interfering substances, robustness to various sample handling procedures), range of performance, and reproducibility across instruments, by different technicians and by different laboratories if more than one laboratory will be performing an assay in a clinical trial. [7] [8] [9] The analytical validation plan will assess how well the assay performs in the context of its intended clinical use. The analytical validation will also assess whether the assay can meet performance metrics that have been defined to be necessary for clinical use of that assay. For example, if an assay to detect minimal residual disease needs to detect one malignant cell in one million cells, the assay validation must assess how well it will do this. The assessment includes how well the assay detects an analyte when it is present (sensitivity), and how often the assay result is negative when in fact the analyte is not present (specificity). The analytical validation plan must also ascertain how often the assay is "positive" when the analyte is not present (false positive) and how often the assay is negative when in fact the analyte is present (false negative). The developer must decide what the reasonable rates (limits) of false positive and false negative results should be, given how the assay is intended to be used. The assay must then be developed to "fit" these demands. Once the analytical validation is complete, assay procedures, reagents, software, etc. should be "locked down"-this means there should no further changes to the method after the assay validation.
Clinical Validation
Clinical validity refers to how well the assay result, the biomarker, relates to the clinical outcome of interest, such as frequency of relapse, response to therapy, or survival. Here consideration must be given to how the assay will be used to be sure the assessment of its clinical validity is carried 
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Assessment of clinical validity for an assay that measures multiple analytes, such as "omics" assays, can become complex, and the developer must understand certain pitfalls in the development of such predictors.
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Likewise, continuous-valued biomarkers that require a "cutpoint" that defines "positive" and "negative" may require several sets of clinical data to refine and lock down the cutpoint before use in the clinic. A common pitfall in biomarker studies is optimizing the cutpoint and then evaluating its performance using the same data. This causes the performance estimates to be optimistically biased. 14 This type of bias, called resubstitution bias, can be avoided by carefully separating the data used to optimize the biomarker from that used to assess its clinical utility. This can be accomplished by dividing the data and using one set to optimize the biomarker, and the other set to assess its clinical utility. Adaptive study designs have been proposed in which the biomarker cutpoint is optimized and evaluated in the same trial. 14 Resampling methods such as cross-validation are commonly used to prevent resubstitution bias and provide valid estimates of the biomarker performance.
Clinical Utility
Clinical utility is the determination of whether use of the biomarker assay for decision-making leads to improved clinical results for patients. Does the biomarker add to techniques already in use? Will the use of the biomarker result in a different, beneficial treatment for the patient? If a "biomarkerpositive" assay result predicts a group of patients that benefit more from a treatment than the biomarker-negative group, but the biomarker-negative group still derives as much or more benefit from the treatment as they would with any other treatment, there would be no reason to perform the assay for such a treatment decision. On the other hand, if a biomarker predicts benefit of a treatment for one or more subgroups of patients, while defining a group that will not benefit or may even have a worse outcome, that biomarker would be very useful for guiding treatment decisions (see Figure 2) .
Prospective-retrospective studies may also inform about clinical utility. If a rigorous protocol for the prospective-retrospective analysis is prespecified and followed, then a high level of evidence supporting the clinical utility of the biomarker can be generated. The assay was able to separate patients into low, intermediate, and
high risk for distant recurrence-free survival at 10 years. A subsequent prospective-retrospective study evaluated whether high-risk patients, as evaluated by the assay, derived benefit from adjuvant chemotherapy.
In this study, samples that had been banked from node negative, estrogen receptor-positive breast cancer patients who participated in a randomized adjuvant clinical trial to evaluate the worth of adding chemotherapy to tamoxifen treatment were used. The study showed that the patients classified as high risk by the assay derived benefit from adding chemotherapy to tamoxifen. 18 Finally, a prospective study In any retrospective trial, tissue or other samples may not have been collected and stored in an ideal way for the biomarker assay, and so assessment of their fitness for the assay must be performed.
In the planning of a retrospective study, careful consideration should be given to the study power and sample size as precious archived specimens
should not be wasted on a retrospective study that is not likely to evaluate the clinical validity of an assay.
Finally, a prospective assessment (prospective clinical trial or study) could be done to assess clinical utility, which does allow specification of tissue or sample collection and storage, but the timeline may be longer than if retrospective samples/data can be identified. A variety of study designs exist to prospectively evaluate a potentially prognostic or predictive biomarker for clinical utility. [20] [21] [22] [23] [24] [25] [26] [27] The effective integration of biomarker test development into clinical trials of investigational therapeutic agents requires both planning and multidisciplinary collaboration. [22] [23] The type of study used to evaluate a biomarker, such as an enrichment or all-comers design, depends on the level and quality of prior evidence, both empirical and theoretical, supporting its utility. The study should have a clear and comprehensive prespecified protocol, including specimen-handling procedures, assay procedures, and statistical analysis plans. Investigators should prespecify a statistic or set of statistics that address the intended clinical use of the biomarker. In the design, careful consideration should be given to the study power and sample size. A prospective study in which patients may be undergoing painful biopsies or unnecessary treatment
should not be done unless there is a high probability of definitively answering the scientific question.
Other Considerations
Some necessary steps in test development may be in tension with other goals in the design of clinical trials. For example, a biomarker may be proposed as a predictive marker. If a well-characterized assay with an established cutpoint is available to identify the patient population of interest, it can be used even in early-phase trials to enrich enrollment for likely responders and limit the numbers of patients exposed to an investigational agent. 25 But if the assay itself is under development, then establishing that cutpoint and the relevant clinical sensitivity and specificity of the test requires assessing the treatment outcome in at least some marker-negative as well as marker-positive cases. 24, 25 Even for a truly predictive biomarker, care must be taken not to place excessive confidence in a research grade assay for restricting enrollment to a trial, because of the effects that an imperfect assay can have on development efficiency. False positive cases will decrease statistical power by decreasing the effect size; false negative test results will slow accrual by screening out patients who should have been entered. In some cases it may be necessary to decide whether to prioritize sensitivity (minimizing false negatives) or specificity (minimizing false positives) for a clinical trial.
As another example, there can be tension between the goal of proceeding as quickly as possible from one phase to the next in the evaluation of an especially promising agent, and the need to allow time for the necessary steps in assay development to take place. Two-stage trial designs have been proposed to streamline drug and biomarker co-development, designs in which a biomarker is tested but not used to restrict enrollment in stage one and then, only if needed and if a well-validated assay has been developed, becomes an eligibility criterion in stage two. 21 These designs are most applicable to the transition between a randomized phase II and a phase III trial, that is, for later stage trials, and it may not be realistic to expect a fully "seamless" transition from stage one to stage two within the same trial. Such an expectation presupposes that the assay has been fully developed and validated to the point where it is fit for use as an eligibility criterion, and has an Investigational Device
Exemption from the US Food and Drug Administration, if necessary, 22 even though it might never be needed for stage two. Time may also be required for assessment of interlaboratory comparability if multiple testing laboratories will be involved.
Other aspects of biomarker test development can be accelerated if efforts are initiated in early phase trials specifically for this purpose.
Information about biomarker prevalence, assay performance in the tissue of interest, and specimen-handling requirements can be acquired even before phase I from studies on nontrial specimens or tumor xenografts.
As biomarkers are selected for inclusion as correlative laboratory studies in a trial, consideration can be given to how readily a research-grade assay, if developed further, could be incorporated into clinical practice.
These considerations include not only the prospect of integrating the assay into the standard clinical workflow, but also the level of interest from commercial partners and anticipated regulatory requirements. 
Conclusions

